Regulation of CLC-Ka/barttin by the ubiquitin ligase Nedd4-2 and the serum- and glucocorticoid-dependent kinases  by Embark, Hamdy M. et al.
Kidney International, Vol. 66 (2004), pp. 1918–1925
ION CHANNELS – MEMBRANE TRANSPORT – INTEGRATIVE PHYSIOLOGY
Regulation of CLC-Ka/barttin by the ubiquitin ligase Nedd4-2
and the serum- and glucocorticoid-dependent kinases
HAMDY M. EMBARK, CHRISTOPH BO¨HMER, MONICA PALMADA, JEYAGANESH RAJAMANICKAM,
AMANDA W. WYATT, SABINE WALLISCH, GIOVAMBATTISTA CAPASSO, PETRA WALDEGGER,
HANNSJO¨RG W. SEYBERTH, SIEGFRIED WALDEGGER, and FLORIAN LANG
Department of Physiology I, University of Tu¨bingen, Germany; Department of Nephrology, University of Napoli, Napoli, Italy; and
Department of Pediatrics, University of Marburg, Germany
Regulation of ClC-Ka/barttin by the ubiquitin ligase Nedd4-2
and the serum- and glucocorticoid-dependent kinases.
Background. ClC-Ka and ClC-Kb, chloride channels partici-
pating in renal tubular Cl− transport, require the coexpression
of barttin to become functional. Mutations of the barttin gene
lead to the Bartter’s syndrome variant BSND, characterized
by congenital deafness and severe renal salt wasting. Barttin
bears a proline-tyrosine motif, a target structure for the ubiq-
uitin ligase Nedd4-2, which mediates the clearance of channel
proteins from the cell membrane. Nedd4-2 is, in turn, a target
of the serum- and glucocorticoid-inducible kinase SGK1, which
phosphorylates and, thus, inactivates the ubiquitin ligase. ClC-
Ka also possesses a SGK1 consensus site in its sequence. We
hypothesized that ClC-Ka/barttin is stimulated by SGK1, and
down-regulated by Nedd4-2, an effect that may be reversed by
SGK1 and its isoforms, SGK2 or SGK3.
Methods. To test this hypothesis, ClC-Ka/barttin was het-
erologously expressed in Xenopus oocytes with or without the
additional expression of Nedd4-2, SGK1, SGK2, SGK3, consti-
tutively active S422DSGK1, or inactive K127NSGK1.
Results. Expression of ClC-Ka/barttin induced a slightly in-
wardly rectifying current that was significantly decreased upon
coexpression of Nedd4-2, but not the catalytically inactive mu-
tant C938SNedd4-2. The coexpression of S422DSGK1, SGK1, or
SGK3, but not SGK2 or K127NSGK1 significantly stimulated the
current. Moreover, S422DSGK1, SGK1, and SGK3 also phospho-
rylated Nedd4-2 and thereby inhibited Nedd4-2 binding to its
target. The down-regulation of ClC-Ka/barttin by Nedd4-2 was
abolished by elimination of the PY motif in barttin.
Conclusion. ClC-Ka/barttin channels are regulated by SGK1
and SGK3, which may thus participate in the regulation of trans-
port in kidney and inner ear.
Both ClC-Ka and ClC-Kb, members of the ClC fam-
ily of chloride channels [1], are expressed in the kidney
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[2]. Functional expression of ClC-Ka and ClC-Kb chan-
nels requires the coexpression of barttin, an essential b
subunit of the channels [3, 4]. The functional significance
of ClC-Kb and barttin is illustrated by monogenic dis-
orders. Defects of the ClC-Kb gene CLCNKB underly
classic Bartter’s syndrome, which is characterized by re-
nal salt wasting [5]. Mutations in the barttin gene BSND
cause an even more pronounced salt-losing phenotype
accompanied by sensorineural deafness [6].
The ubiquitin ligase Nedd4-2 can regulate several chan-
nels, such as the epithelial sodium channel ENaC [7–9]
via interaction with proline-tyrosine (PY) motifs present
on the target protein. Barttin carries a PY motif [3],
and accordingly, replacement of the tyrosine in the PY
motif by alanine enhances the currents induced by ClC-
Kb/barttin [3]. The ubiquitin ligase Nedd4-2 is phospho-
rylated, and its interaction with ENaC is thus inhibited
by the serum- and glucocorticoid-dependent kinase 1
(SGK1) [7, 8]. This effect provides a mechanistic explana-
tion for the strong stimulatory effect of SGK1 on ENaC-
induced sodium currents [10–17].
Two further isoforms, SGK2 and SGK3 [18], are sim-
ilarly able to stimulate ENaC activity [19]. All three
isoforms belong to the family of Ser/Thr kinases, and
recognize the same consensus sequence in their targets
(Arg-Xaa-Arg-Xaa-Xaa-Ser/Thr). ClC-Ka channels con-
tain this sequence (Arg-Val-Arg-Thr-Thr-187Thr), and are
thus, putative targets of the kinases. SGK1-3 are activated
by IGF1, insulin, and oxidative stress through a signaling
cascade involving phosphatidylinositol 3 kinase (PI3 ki-
nase) and phosphoinositide-dependent kinase PDK1 [18,
20, 21]. The activation of SGK1 by PDK1 involves phos-
phorylation of the serine at position 422; replacement of
this serine by aspartate (S422DSGK1) yields a constitu-
tively active kinase [20]. The transcription of SGK1, but
not SGK2 and SGK3 [22], has been shown to be sensitive
to cell volume [2, 23, 24] and a variety of hormones [22],
including glucocorticoids [25–27] and mineralocorticoids
[12, 14, 15, 28].
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The present study has been performed to test whether
the Cl− channels induced by coexpression of ClC-Ka and
barttin are sensitive to regulation by the ubiquitin ligase
Nedd4-2 and the SGK isoforms SGK1, SGK2, and SGK3.
METHODS
Expression in Xenopus laevis oocytes and voltage-clamp
analysis
cRNA encoding wild-type human ClC-Ka [4], wild-
type human barttin [4], and PY-deficient barttin
(Y98Abarttin), wild-type Xenopus Nedd4-2 [7], and cat-
alytically inactive Nedd4-2 (C938SNedd4-2), wild-type
human SGK1 [24], constitutively active (S422DSGK1) or
inactive (K127NSGK1) human SGK1 [20], wild-type hu-
man SGK2 [18], or wild-type human SGK3 [18] were
synthesized in vitro as previously described [29]. Dissec-
tion of Xenopus laevis ovaries, collection, and handling of
the oocytes have been described in detail elsewhere [29].
Oocytes were injected with 5 ng of ClC-Ka, 5 ng of barttin,
15 ng of Nedd4-2, 7.5 ng of SGK1, S422DSGK1, SGK2, or
SGK3 cRNA. Control oocytes were injected with H2O.
Electrophysiologic experiments were performed at room
temperature 2 to 3 days after injection of the respective
cRNAs. The currents were determined in two-electrode
voltage-clamp experiments utilizing a pulse protocol of
800 ms pulses from −150 mV to +50 mV. The inter-
mediate holding-voltage was −60 mV. Steady-state cur-
rent at the end of each voltage step was taken for data
analysis. The data were filtered at 10 Hz, and recorded
with MacLab digital to analog converter and software
for data acquisition and analysis (ADInstruments, Cas-
tle Hill, Australia). The control bath solution (ND96)
contained 96 mmol/L NaCl, 2 mmol/L KCl, 1.8 mmol/L
CaCl2, 1 mmol/L MgCl2, and 5 mmol/L HEPES, pH 7.4.
The final solutions were titrated to the pH indicated using
HCl or NaOH. The flow rate of the superfusion was 20
mL/min, and a complete exchange of the bath solution
was reached within about 10 seconds.
Detection of Nedd4-2 phosphorylation
For determination of Nedd4-2 phosphorylation, 30
cells of each group were homogenized in lysis buffer con-
taining 50 mmol/L Tris (pH 7.5), 0.5 mmol/L EDTA (pH
8.0), 0.5 mmol/L EGTA, 100 mmol/L NaCl, 1% Triton
X-100, 100 lmol/L sodium orthovanadate, and protein
inhibitor cocktail (Roche, Mannheim, Germany) at the
recommended concentration. Proteins were separated
on a 7% polyacrylamide gel and transferred to nitrocel-
lulose membranes. After blocking with 5% nonfat dry
milk in PBS/0.15% Tween 20 for 1 hour at room tem-
perature, blots were incubated at 4◦C overnight with a
rabbit anti-phosphoserine328 Nedd4-2 antibody (Pineda,
Berlin, Germany, diluted 1:250 in PBS/0.15% Tween
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Fig. 1. Characteristics of ClC-Ka/barttin currents. Xenopus laevis
oocytes were injected with water or with cRNA encoding ClC-Ka to-
gether with barttin. Slightly inwardly rectifying currents are observed in
Xenopus oocytes expressing ClC-Ka/barttin, but not in water-injected
oocytes, when rectangular voltage steps from −150 mV to +50 mV were
applied with two-electrode voltage clamp technique. Original tracings
(A). Current-voltage relations (B). Ion selectivities of ClC-Ka/barttin
(C). Ion selectivities were determined by the shift in reversal potential
upon chloride substitution.
20/5% nonfat dry milk) or a rabbit anti-Nedd4-2 anti-
body (diluted 1:1000 in PBS/0.15% Tween 20/5% nonfat
dry milk). Secondary peroxidase-conjugated sheep anti-
rabbit IgG (diluted 1:1000 in PBS/0.15% Tween 20/5%
nonfat dry milk) was used for chemiluminescent detec-
tion with enhanced chemoluminescent ECL kit (Amer-
sham, Freiburg, Germany).
Detection of cell surface expression
by chemiluminescence
Defolliculated oocytes were first injected with Nedd4-
2 cRNA (15 ng/oocyte or 30 ng/oocyte when indicated)
or SGKs cRNA (7.5 ng/oocyte), and one day later
with ClC-Ka-HAe (ClC-Ka-HAe contains a HA epi-
tope extracellularly between amino acid 380 and 381)
and barttin cRNA (5 ng/oocyte). Oocytes were incubated
with 1 lg/mL primary rat monoclonal anti-HA antibody
(clone 3F10, Boehringer, Germany), and 2 lg/mL sec-
ondary peroxidase-conjugated affinity-purified F(ab’)2
goat antirat IgG antibody (Jackson ImmunoResearch,
West Grove, PA, USA). Individual oocytes were placed
in 20 lL of SuperSignal ELISA Femto Maximum
Sensitivity Substrate (Pierce, Rockford, IL, USA), and
chemiluminescence was quantified in a luminometer by
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Fig. 2. Regulation of ClC-Ka/barttin-induced currents by Nedd4-2 and SGK1. Xenopus laevis oocytes were injected with cRNA encoding ClC-
Ka/barttin with or without cRNA encoding Nedd4-2 and/or SGK1. The ClC-Ka/barttin-induced currents are down-regulated by coexpression
of Nedd4-2, but not inactive C938SNedd4-2, and are up-regulated by SGK1. Current-voltage relations (A and B). Slope conductances (C and
D). Arithmetic mean ± SEM (N = 17–20) ∗Indicates significant difference between the respective conductance and the conductance in oocytes
expressing ClC-Ka/barttin alone.
integrating the signal over a period of 1 second. Results
were normalized to the values obtained upon coexpres-
sion of ClC-Ka-HAe and barttin for each batch of oocytes.
Calculations
Data are provided as mean ± SEM; N represents the
number of oocytes investigated. All experiments were
repeated with at least three batches of oocytes; in all rep-
etitions qualitatively similar data were obtained. All data
were tested for significance using the Student t test, and
only results with P < 0.05 were considered to be statisti-
cally significant.
RESULTS
Xenopus oocytes expressing ClC-Ka together with
barttin created a slightly inwardly rectifying current (ICl)
of −0.69 ± 0.06 lA (N = 17) at −140 mV. The respective
current ICl in water-injected Xenopus oocytes amounted
to −0.06 ± 0.01 lA (N = 17) (Fig. 1A and B). The chlo-
ride ion specificity of ClC-Ka/barttin was verified by ion
substitution. ClC-Ka/barttin exhibited a permselectivity
of Cl− >NO3−∼ I− (Fig. 1C).
As shown in Fig. 2C, the coexpression of Nedd4-2
together with ClC-Ka/barttin decreased ICl to −0.35 ±
0.03 lA (N = 17). In contrast, coexpression of SGK1
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Fig. 3. Regulation of ClC-Ka/barttin-induced currents by constitu-
tively active SGK1, but not inactive mutant kinase. Xenopus laevis
oocytes were injected with cRNA encoding ClC-Ka/barttin with or
without cRNA encoding Nedd4-2 and/or either constitutively active
S422DSGK1 or inactive K127NSGK1. S422DSGK1, but not K127NSGK1,
enhances the ClC-Ka/barttin-induced currents, and reverses the down-
regulation of those currents by Nedd4-2. Current-voltage relations
(A). Slope conductances (B). Arithmetic mean ± SEM (N = 17–20)
∗Indicates significant difference between the respective conductance
and the conductance in oocytes expressing ClC-Ka/barttin alone.
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Fig. 4. Regulation of ClC-Ka/barttin-induced currents by SGK3, but
not by SGK2 Xenopus laevis oocytes were injected with cRNA encoding
ClC-Ka/barttin with or without cRNA encoding Nedd4-2 and/or either
SGK2 or SGK3. SGK3, but not SGK2, enhances the ClC-Ka/barttin-
induced currents, and reverses the down-regulation of those currents
by Nedd4-2. Current-voltage relations (A). Slope conductances (B).
Arithmetic mean ± SEM (N = 17–20) ∗Indicates significant difference
between the respective conductance and the conductance in oocytes
expressing ClC-Ka/barttin alone.
with ClC-Ka/barttin significantly enhanced ICl to −0.93 ±
0.07 lA (N = 18). Moreover, SGK1 reversed the ef-
fect of Nedd4-2. In Xenopus oocytes coexpressing ClC-
Ka/barttin together with both Nedd4-2 and SGK1, ICl
approached −1.06 ± 0.07 lA (N = 20). When the catalyti-
cally inactive Nedd4-2 (C938SNedd4-2) [30] was expressed
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Fig. 5. Phosphorylation of Nedd4-2 in Xenopus laevis oocytes by
SGK1 and SGK3, but not by SGK2. Xenopus laevis oocytes were in-
jected with cRNA encoding Nedd4-2 with or without SGK1, SGK2, or
SGK3. Coexpression of SGK1 and SGK3, but not of SGK2, phosphory-
lates Nedd4-2. Immunoblotting with anti-P-Ser328 Nedd4-2 antibody
or anti-Nedd4-2 antibody as indicated (A). Ratio of intensity was com-
pared to the intensity obtained in oocytes expressing Nedd4-2 alone
(B). Arithmetic mean ± SEM (N = 3). ∗Indicates significant difference
between oocytes injected with Nedd4-2 alone, and those injected with
Nedd4-2 and SGK1 or SGK3.
in ClC-Ka/barttin-injected oocytes, no significant modu-
lation of ICl was observed (Fig. 2).
The effect of SGK1 on ICl was mimicked by the consti-
tutively active S422DSGK1, but not by the inactive mutant
K127NSGK1 (Fig. 3). In Xenopus oocytes expressing ClC-
Ka/barttin together with S422DSGK1, ICl reached −1.06 ±
0.08 lA (N = 20), whereas in oocytes expressing ClC-
Ka/barttin together with K127NSGK1, ICl was −0.56 ±
0.06 lA (N = 17). While coexpression of S422DSGK1 re-
versed the effect of Nedd4-2 (ICl = −0.97 ± 0.07 lA, N =
20), the coexpression of the inactive mutant K127NSGK1
did not reverse the inhibitory effect of Nedd4-2 (ICl =
−0.48 ± 0.04 lA, N = 18).
SGK3, but not SGK2, activated ICl similar to SGK1
(Fig. 4). In Xenopus oocytes expressing ClC-Ka/barttin
together with SGK3, ICl amounted to −1.10 ± 0.10 lA
(N = 18), whereas in oocytes expressing ClC-Ka/barttin
together with SGK2, ICl was only −0.75 ± 0.07 lA
(N = 17). While coexpression of SGK3 reversed the effect
of Nedd4-2 (ICl = −1.31 ± 0.11 lA, N = 20), the coex-
pression of SGK2 did not reverse the inhibitory effect of
Nedd4-2 (ICl = −0.47 ± 0.05 lA, N = 18). Western blot-
ting of oocytes expressing Nedd4-2 alone or with SGK1,
SGK2, or SGK3 revealed that SGK1 and SGK3, but not
SGK2, can phosphorylate Nedd4-2 (Fig. 5).
Replacement of the tyrosine in the PY-motif of
barttin by alanine abolished the down-regulation of the
ClC-Ka/barttin channel by Nedd4-2. Coexpression of
Nedd4-2 with the mutant Y98Abarttin did not lead to
significant reduction of channel activity (ICl = −0.91 ±
0.10 lA, N = 12) compared with expression of mutant
Y98Abarttin alone (ICl =−1.08 ± 0.10 lA, N = 11) (Fig. 6).
However, when SGK1 or SGK3 were expressed together
with ClC-Ka/Y98Abarttin and Nedd4-2, channel activity
was increased by SGK1 (ICl = −1.57 ± 0.18 lA, N = 14)
and by SGK3 (ICl = −2.3 ± 0.29 lA, N = 14) (Fig. 6).
Figure 7 shows ClC-Ka surface expression, using a
chemiluminescence assay, upon coexpression of Nedd4-2
or SGK1. The ClC-Ka surface expression is increased by
2.5 ± 0.4-fold (N = 42) in oocytes expressing SGK1/ClC-
Ka-HAe/barttin, and decreased by 0.6 ± 0.1-fold (N =
15) in oocytes expressing Nedd4-2/ClC-Ka-HAe/barttin.
However, coexpression of Nedd4-2 only reduced ClC-Ka
surface abundance significantly when injected at a higher
concentration (30 ng/oocyte).
DISCUSSION
The present observations demonstrate that, similar to
what has been shown for the epithelial Na+ channel
ENaC [7, 8], Nedd4-2 down-regulates ClC-Ka/barttin, an
effect reversed by SGK1 and SGK3. Similar to ENaC [7,
8], barttin carries a PY motif [3] that is important for its
interaction with the ubiquitin ligase, as illustrated by the
fact that deletion of the PY motif abolishes the down-
regulation of ClC-Ka by Nedd4-2. Moreover, the effect
requires catalytic activity of Nedd4-2 because the cat-
alytically inactive Nedd4-2 mutant C938SNedd4-2 failed to
significantly modulate ClC-Ka/barttin. SGK1 and SGK3,
but not SGK2, could modulate ClC-Ka/barttin. This se-
lective modulation of ClC-Ka/barttin could be due in part
to the selective ability of SGK1 and SGK3 to phosphory-
late Nedd4-2. The stimulatory effect of SGK1 and SGK3
on the ClC-Ka/barttin channel complex in the absence
of coinjected Nedd4-2 cRNA could be explained by in-
hibition of an endogeneous Nedd4-2 protein. Xenopus
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Fig. 6. Nedd4-2-mediated down-regulation of ClCKa/Barttin is abolished by elimination of the PY motif in Y98Abarttin. Xenopus laevis oocytes
were injected with cRNA encoding ClC-Ka/barttin or ClC-Ka/Y98Abarttin with or without Nedd4-2 and/or SGK1 or SGK3. While the wild-type ClC-
Ka/barttin is down-regulated by Nedd4-2, ClC-Ka/Y98Abarttin currents remain unaffected. When ClC-Ka/Y98Abarttin is coexpressed with SGK1 or
SGK3 together with Nedd4-2, channel activity is increased. Current-voltage relations (A and B). Slope conductances (C and D). Arithmetic mean ±
SEM (N = 17–20) ∗Indicates significant difference between the respective conductance and the conductance in oocytes expressing ClC-Ka/barttin
or ClC-Ka/Y98Abarttin alone.
oocytes do express low levels of both Nedd4-2 and SGK1
[31], which presumably participate in the regulation not
only of endogenous cell membrane proteins, but also of
heterologously expressed channels and carriers. On the
other hand, SGKs were still effective even when Nedd4-
2 could not have interacted with barttin (Y98Abarttin),
suggesting that part of the effect of the SGKs on the ClC-
Ka/barttin channels is mediated by other mechanisms.
Those mechanisms may include direct phosphorylation of
the channel protein because the ClC-Ka sequence con-
tains a putative SGK consensus site (Arg-Val-Arg-Thr-
Thr-187Thr).
An obvious requirement for the physiologic signifi-
cance of the observed regulation is the coexpression of
the channels with Nedd4-2 and the kinases. SGK1 is ex-
pressed mainly in the collecting duct system [32], but may,
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Fig. 7. Regulation of ClC-Ka surface expression by SGK1 and Nedd4-
2. Surface expression of extracellularly HA-tagged ClC-Ka (ClC-Ka-
Hae) was assessed by chemiluminescence in oocytes expressing ClC-
Ka-HAe/barttin alone, and in oocytes coexpressing ClC-Ka-HA/barttin
together with S422DSGK1 or Nedd4-2. Arithmetic mean ± SEM (N =
15–44). ∗Indicates significant difference between oocytes injected with
ClC-Ka-HA/barttin alone and those injected with ClC-Ka-HA/barttin
together with S422DSGK1 or Nedd4-2. Results are normalized to the
values obtained upon coexpression of ClC-Ka-HAe/barttin for each
batch of oocytes.
under pathophysiologic conditions, be expressed in fur-
ther nephron segments, such as the thick ascending limb
[13]. Barttin is expressed thoughout the distal nephron
(i.e., medullary and cortical thick ascending limb, dis-
tal convoluted tubule, connecting tubule, cortical and
medullary collecting duct) [4]. ClC-K1 and ClC-K2, the
rat homologs of human ClC-Ka and ClC-Kb, are similarly
localized in all distal nephron segments [4].
Because SGK1 is under transcriptional control of glu-
cocorticoids [25, 26] and mineralocorticoids [12, 14, 15,
28], and is activated by insulin and IGF1 [20], the present
mechanism may well participate in the regulation of re-
nal tubular Cl− transport by those hormones. The func-
tional significance of the regulation by SGK1 is reflected
in the SGK1 knockout mouse (SGK1−/−). NaCl excre-
tion in this mouse is normal under salt repletion, and
is decreased during salt-deficient diet [33]. However,
the adaptation following salt-free diet is insufficient [i.e.,
the Na+ and Cl− excretion remains significantly higher
in the SGK1−/− mouse as compared to its wild-type
littermate (SGK1+/+)]. As a result, in contrast to the
SGK1+/+ mouse, the SGK1−/− mouse suffers from
weight loss, a decline in blood pressure, and decreased
renal glomerular filtration rate at low salt diet [33]. These
changes occur despite a larger increase of plasma aldos-
terone concentration in the SGK1−/− mouse compared
to the SGK1+/+ mouse [33]. The renal NaCl loss is at
least partially due to insufficient up-regulation of ENaC
in the cell membrane, but according to the results of the
present study may be paralleled by defective regulation
of Cl− channels.
SGK1 has been shown to also act on the surface
expression and/or function of several other transport pro-
teins, such as the nonselective cation channel, voltage-
sensitive K+ channels (Kv1.2–5), the slow-activating K+
channel KCNE1/KCNQ1, the inward rectifying K+ chan-
nel ROMK1, CFTR, the cardiac Na+ channel SCN5A,
Na+, K+-ATPase, the Na+/H+ exchanger NHE3, the an-
ionic amino acid transporter EAAT1, and the system N
transporter SN1 [16, 22, 31, 34–42]. These results suggest
that SGK1 may have a similarly broad function in trans-
port regulation, as has been documented for the protein
kinase A (PKA). The effects of SGK1 are partially shared
by SGK2 and SGK3, even though the affinities to the tar-
get proteins are not identical, and marked differences do
occur between the efficacy of the three kinases depend-
ing on the regulated channel and additional proteins in-
volved.
CONCLUSION
The present observations disclose that ClC-Ka/barttin
channels are targets for the ubiquitin ligase Nedd4-2 and
the serum- and glucocorticoid-inducible kinase isoforms
SGK1 and SGK3.
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